Abstract
C. thermocellum is an anaerobic, thermophilic, cellulolytic, and ethanogenic bacterium. It 4 produces a cellulase system highly active on crystalline cellulose (1) . The extracellular cellulasefor publication). GlyR3, as GlyR1 and GlyR2, contains two distinct domains (31, 32 ): a helix-1 turn-helix DNA-binding motif at the N-terminal end and a sugar-binding domain at the C-2 terminal end (Fig 2B) , suggesting that it is a regulatory protein controlled by a sugar. The 3 location of glyR3 suggests that GlyR3 controls the expression of the celC gene cluster by binding 4 to its promoter region. 5 6 rGlyR3 Binds to the celC Promoter Region. To study the function of GlyR3, we cloned its 7
gene into E. coli with a chitin-binding domain (CBD) fused to the C-terminus of the recombinant 8 protein. Fusion with the CBD facilitated purification by affinity chromatography using chitin 9 beads as the affinity ligand. rGlyR3 was cleaved off from the CBD, which bound to the chitin 10 bead, by dithiothreitol (DTT) treatment and appeared as the predominant protein species with the 11 expected size (39,330 daltons) on an SDS-gel (data not shown). The ability of rGlyR3 to bind to 12 the promoter region of the celC gene cluster was examined by EMSA (electrophoretic mobility 13 shift assay). The EMSA probe, prepared by PCR using biotin-labeled primers 3 and 5 (Table 1) To determine that GlyR3 is indeed expressed in vivo and the protein thus expressed binds 22 to the same sequence, the EMSA was carried out using the cell lysate of C. thermocellum as thesource of the DNA-binding protein. Although the lysate of the cellobiose-grown cells failed to 1 bind to the celC promoter probe in two different concentrations (lanes 3-4, Fig. 3 ), the lysate of 2 the lichenan-grown cells retarded the probe's gel mobility to the same level as rGlyR3 (lane 5, 3 Fig. 3 ). To verify that the lysate protein responsible for this shift is indeed GlyR3, we eluted the 4 shifted band from the EMSA gel and subjected it to SDS-PAGE analysis. The silver-stained 5 protein, which was the only protein detected, had an apparent molecular weight of 39 kD as 6 expected for GlyR3 (data not shown). The 39 kD protein was further eluted from the SDS-gel. 7
MALDI-TOF (matrix assisted laser desorption/ionization time of flight) analysis demonstrated 8 that the eluted protein was GlyR3 (33% sequence coverage; data not shown). These results 9
indicate that GlyR3 is induced by lichenan and binds specifically to the celC promoter region. 10 
11
Determination of the GlyR3 Binding Site by DNase I Footprinting. To determine the GlyR3 12 binding site, we developed a non-isotope DNase I footprinting technique. In this method, a 13 fluorescein-labeled DNA fragment corresponding to the 200 bp region immediately upstream of 14 the start codon of celC was partially digested by DNase I in the presence and absence of rGlyR3. 15
The digested products were resolved by capillary electrophoresis and detected by using a 16 fluorescence detector. As shown in Fig. 4 , the fluorescence signals of a stretch of 18 bp were 17 suppressed by rGlyR3 (comparing panels A and B). The protected region corresponds to an 18 18 bp palindromic sequence, typical for a DNA-binding site, with only one mismatch: 19 AATGAACGC GCGTACATT (Fig. 4C) . The ability of rGlyR3 to bind to this 18 bp sequence 20 was verified by competitive EMSA, in which an excessive amount of unlabeled, double-stranded 21 at 100-fold concentration completely inhibited the binding of rGlyR3 to the 100 bp celC 1 promoter probe (lane 3). In contrast, an unrelated 18 bp sequence from another site of the celC 2 promoter region (probes 8 and 9, Table 1 sugar-binding domain suggests that the DNA-binding activity of GlyR3 is regulated by a sugar. 8
Various sugars were examined for their effects on the GlyR3's DNA-binding activity using 9
EMSA. Among all the sugars tested, only laminaribiose, a β-1,3 linked glucose disaccharide, 10 was found to inhibit rGlyR3's ability to bind the 100 bp celC promoter probe at the concentration 11 of 15 mM (lane 3, Fig. 6A ). In contrast, cellobiose at the same concentration had no effect (lane GlyR3 and inducible by laminaribiose. The celC operon thus is similar to the lac operon, both 10 operating in a negative mode. On the other hand, since glyR3 is part of the celC operon, 11 induction of the operon would increase the level of the repressor and create a feedback loop. A 12 continuous supply of the inducer, laminaribiose, would be needed to keep the operon in the 13 induced state. In this regard, the celC operon functions like the E. coli hut operon, in which the 14 repressor is part of the operon. In the absence of a continuous supply of the inducer, we expect 15 the induction of the operon to be transient. In the soil bacterium Thermobifida fusca, a similar 16 regulator, CelR, has been reported (34) . CelR binds to a 14 bp inverted repeat in the promoter 17 region of each of the six cellulase genes. The binding is inactivated by cellobiose, the presumed 18 inducer. Recently data suggest that laminaribiose might also be involved in the induction (35) . 19 enzymes would generate the inducer, laminaribiose, as the hydrolysis product. Laminaribiose 1 diffused or transported into the cell would turn on the operon for the biosynthesis of more 2 enzymes. This regulation scheme is corroborated by our observation that GlyR3 was detected in 3 the cell lysate only when the bacterium was grown on lichenan. This regulation scheme further 4 implies that CelC and LicA are the major β-1,3 glucan-degrading enzymes in this bacterium. 5 LicA has indeed been reported to be the major enzyme that degrades β-1,3 glucan (38). LicA 6 was characterized as an endo-1,3(4)-β-glucanase active on barley-β-glucan and laminarin. It was 7
shown to be upregulated when growing on laminarin or barley-β-glucan as opposed to cellobiose 8 or cellulose. We independently found that C. thermocellum grows on laminaribiose as the sole 9 carbon source (data not shown). These results are consistent with the proposed regulation 10 mechanism of the celC operon presented above. It is noteworthy that both CelC and LicA are 11 non-cellulosomal enzymes, suggesting that degradation of β-1,3 glucan does not benefit from the 12 enzymes serving as the cellulosomal components in C. thermocellum. 13 Our results indicate that, despite the water insolubility of the biomass substrates, 14 coordination of the expression of biomass-degrading enzymes can be accomplished through 15 soluble sugars. The celC operon as a unit of gene regulation provides the first clue to the puzzle 16 of how the bacterium coordinates the biosynthesis of such a large number of glycosyl hydrolases. 17
GlyR3 is the first transcription regulator found in C. thermocellum. It is also the first time 18
laminaribiose is found to serve as an inducer. Foreseeably, more transcription factors and 19 inducers will be found, which will further illuminate how the bacterium commands a myriad of 20 enzymes to attack the complicated biomass substrate containing many different forms of glycans. 21
The results will be particular illuminating in understanding if a particular set of the cellulosomecomponents are selected by the bacterium to optimize its activity on a particular biomass 1 substrate. 2 3
Materials and Methods

5
Bacterial Strains and Plasmids. C. thermocellum ATCC 27405 was used as the source for 6 genomic DNA, RNA, and cell lysates. E. coli Top10 (Invitrogen) was used as the cloning host 7 for plasmid PTXB1 (New England Biolabs). E. coli strain BL21(DE3) (Stratagene) was used for 8 expressing recombinant GlyR3. 9
Culture Conditions. C. thermocellum was grown in Hungate tubes or anaerobic flasks in 10 chemically-defined MJ medium (39) containing 0.5% carbon source (cellobiose, lichenan, or 11 laminaribiose). Seed cultures were grown on cellobiose. The cultures were incubated at 60º C. 12 E. coli strains containing recombinant plasmids were grown at 37º C in a shaker or on agar plates 13 containing Luria-Bertani medium (40) supplemented with 0.1 mg/ml ampicillin. 14 Isopropylthiogalactoside (IPTG; 50 mM) was used to induce the expression of cloned glyR3. 15
Cloning of glyR3. PCR was employed to clone glyR3 using C. thermocellum genomic DNA as 16 the template, primers 1 and 2, (Table 1) , which incorporated the EcoRV and XhoI restriction 17 sites, respectively, and a hi-fidelity DNA polymerase (Extensor; ABgene). The PCR product was 18 digested with EcoRV and XhoI, cloned into the NruI and XhoI sites of pTXB1, and transformed 19 by electroporation into E. coli TOP10 cells. Restriction digests and DNA sequencing using the 20 dye termination cycle sequencing method and a Model 3100 Genetic Analyzer (AppliedExpression and Purification of rGlyR3. E. coli BL21(DE3) harboring pTXB1 containing the 1 clone glyR3 was induced with 50 mM IPTG in the exponential growth phase for four hours. The 2 cells were harvested by centrifugation and lyzed by sonication. rGlyR3 in the lysate was purified 3 by affinity chromatography using chitin beads as the affinity ligand following the IMPACT 4 system protocol (New England Biolabs). The purified protein was concentrated by ultrafiltration 5 using a Microsep 3K column (Pall) and examined for size and purity using an SDS-PAGE on a 6 12% gel (41) . 7
Protein Assay. Protein concentrations were determined using the Bradford (42) reagent (Bio-8 Rad) and bovine serum albumin (Sigma) as a standard. 9
Electrophoresis Mobility Shift Assay (EMSA). The 100 bp EMSA probe was made by PCR 10 using Taq DNA polymerase (Thermostart; ABgene), primer 3 labeled with biotin, and primer 5 11 (Table 1 ). The 18 bp probe consisted of complementary DNA fragments annealed by heating to 12 94º C and slowly cooling to room temperature (probes 6 and 7, Table 1 DNase I Footprinting. PCR was used to amplify the 200 bp celC promoter region using primer 21 1 U DNase I (Invitrogen), and with or without 60 ng rGlyR3. After incubation at 37º C for 7 min, 1 1 mM EDTA was added and the mixture was heated to 70º C for 15 min. The DNase I-digested 2 DNA products were resolved and detected using a Model 3100 Genetic Analyzer (Applied 3 Biosystems). 4 in vitro Transcription Assay. In this assay (43, 44) , the DNA template was generated using 5 primers 10 and 11 (Table 1) laminaribiose, and DEPC-water to a total volume of 50 µl. The reactions were incubated at 60º 10 C for 50 min. The resulting RNA was isolated using the Trizol method (Invitrogen), subjected to 11 DNase I digestion, reverse transcribed using random primers, and quantified using Real-Time 12 PCR with the primers specific to celC as described below. 13
Quatitative Real-Time PCR. Each reaction mixture contained 1 µl cDNA template, 7.5 µl 14 SYBR Green Supermix (Bio-Rad), 5.75 µl water, and 250 nM of each primer (primers 12 and 15 13, Table 1 ). Real-Time PCR was carried out using a iCycler IQ (Bio-Rad). 16 
17
Figure Legends
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